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Introduction

Upon diagnosis, breast cancer is described as either estrogen receptor (ER)-positive or ER-
negative. Patients with ER-positive tumors have a longer disease free and overall survival, and
they respond better to hormonal therapies such as tamoxifen, which is easier to tolerate than
cytotox1c chemotherapy . Conversely, patients with ER-negative tumors tend to have more
aggressive disease and must be relegated to much harsher chemotherapy reglmens . Unlike
ER-positive tumors, ER-negative tumors tend to overexpress growth factor receptors such as
EGFR and c-erbB-2, and they have been shown to have high levels of activation of downstream
signaling molecules such as MAPK 46 Previous studies indicated that the hyperactivation of
MAPK is dlrectly responsible for the downregulation of ER i in breast cancer cells, and that this
downregulation is reversible via abrogation of MAPK activity 7. Consequently, the present study
seeks to identify the mechanism of this MAPK induced phenomenon. The outcome of this study
has the potential to impact the lives of breast cancer patients who may be able to benefit from a
treatment protocol where the blocking of growth factor signaling through MAPK can return ER
expression and tamoxifen sensitivity, allowing ER-negative patients to avoid the harsh side
effects of cytotoxic chemotherapy. '

Body

Statement of Work

Task 1. Identify whether MAPK-induced downregulation of ERa is mediated specifically
by ERK1 or ERK2. (months 1-8)
e Overexpress ERKI or ERK?2 using activated, wild type ERK constructs
o Abrogate ERKI and ERK2 mediated signaling via dominant negative ERKI and
ERK?2 constructs
Addressed in appended manuscript.

Task 2. Identify the role of AP-1 and its composition in ERo. downregulation. (months 6-
18)

e Determine AP-1 composition in ERa-negative and ERa+ cell lines using fos and jun

family member-specific antibodies by Western blotting and antibody supershifting

Pending final results of the second part outlined in Task 2, this section has not been completed.
As preliminary data indicate that abrogation of AP-1 activity does not play a role in the
downregulation of ER in these model cell lines, this set of experiments may be omitted.
However, Santa Cruz makes a series of antibodies against all fos and jun family members that
can be easily obtained should the need arise.

e Abrogate AP-1 expression using a dominant negative jun construct, Tam67
Addressed in appended manuscript.

Task 3. Assess the role of cytoplasmic substrates of MAPK in ERdL repression. (months 18-
36)

o Determine the localization of the key MAPK substrate



o Compare pp90RSK activity levels in ERa-negative and ERa+ cell lines using ant anti-
phospho-pp90 ™K antibody
Addressed in appended manuscript.

o Generation of pp90°°¥ constructs
A constitutively active RSK construct has been obtained from Dr. Jeffrey Smith, and a dominant
negative RSK construct has been obtained from Dr. John Blenis, so the construction of any
constructs will not be necessary for the completion of this task.

o Determine if pp90~¥ overexpression causes ERa downregulation in ERa+ cell lines
Addressed in appended manuscript.

o Determine if AIBI (activated in breast cancer-1) plays a role in ERa downregulation
in ERa+ cell lines

Several factors indicated that AIB1 may be a worthwhile target for investigation. In an in vitro
setting, AIB1 can be phosphorylated by MAPK {684}. In addition, nuclear AIB1 has been
shown to have a higher migration when run on a gel next to AIB1 extracted from the cytoplasm
{1265}. These data suggest that nuclear AIB1 is phosphorylated, or at least phosphorylated to a
greater extent than cytoplasmic AIB1. Taken together, the possibility exists that AIBI is a
cytoplasmic substrate of MAPK. Perhaps AIBI, activated by MAPK phosphorylation, could
coactivate the transcription of a repressor of ER transcription, thereby contributing to its
downregulation. In addition, AIB1 itself can potentiate NFxB mediated transcription (246).
These data suggest another intriguing scenario in which AIB1 could regulate ER expression.
Phosphorylation by MAPK could lead to an increase in active AIB1, which could then coactivate
transcription from a promoter containing an NFxB site, and this increase in transcription may
result in ER downregulation. If the proposed model is correct, then AIB1 is a necessary
component for the repression of ER, and loss of AIB1 would reverse MAPK-induced ER
downregulation. MCF7 cells were transfected with siRNA targeted against AIB1 (a 21-mer
corresponding to nucleotides 564-583 of the AIB1 coding region) and an ERE-containing or
control (NON) luciferase reporter construct. In addition, the cells were cotransfected with the
Araf construct or an empty vector. Previous studies showed a consistent downregulation of ER
activity in MCF7 cells transfected with the Araf construct {739}, and similar results were
obtained when cotransfecting control siRNA (figure 1), validating this technique. Figure 1
reveals that there is no difference in estrogen induction of ERE-luciferase in Araf containing
cells in the presence or absence of AIB1, suggesting that activation of AIB1 does not lead to the
downregulation of ER. Interestingly, however, the depletion of AIB1 alone results in a decrease
in ERE-luciferase that is similar to the decrease seen with Araf transfection. In addition, Araf
transfection in the absence of AIB1 does not further downregulate ER. These data suggest two
possibilities: AIB1 is necessary to coactivate the ER in MCF7 cells, and in its absence fully
functional ER can not result in the transcription of ER target genes; or that signaling downstream
of raf leads to a decrease in AIB1 protein or activity, and this contributes to ER downregulation.
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Figure 1. AIB1 depletion results in a decrease in ER activity. MCF7 cells were transfected
with 1.25pug Araf or vector control and 0.75pg ERE-luciferase or NON-luciferase as before. In
addition, cells were simultaneously transfected with 6ul. AIB1 or control siRNA. After
transfection, the cells were treated with control or estrogen containing medium as indicated and
harvested at 48 hours. This is a representative figure of two experiments, each done in triplicate,
and the error bars represent s.e.m.

Depletion of AIBI leads to a decrease in ER protein expression in MCF7 cells. If the
downregulation of ER activity seen in the absence of AIBI is a result of the estrogen receptor’s
need for AIB1 to fully activate transcription, then the decrease in ER activity should not be
correlated with a decrease in ER protein. If, however, there is a decrease in ER protein, then
AIB1 may be involved in ER downregulation as suggested in the proposed model above. In fact,
ER protein is decreased in MCF7 cells with depleted AIB1; reinforcing the hypothesis that AIB1
may be involved in the downregulation of ER in cells with high MAPK. Densitometric scanning
of a western blot of siRNA transfected MCF7 cells reveals that protein expression of AIB1
siRNA reduces ER levels to approximately one-third the levels seen in control siRNA treated
cells (Fig. 2). MDA-231 cells are shown as an ER-negative control.
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Figure 2. AIB1 depletion results in a decrease in ER protein. MCF7 cells were treated with
control (lane 2) or AIB1 (lane 3) siRNA. Cells were harvested at 48 hours, and AIB1 and ER
protein levels were assessed by western blotting 30pg of whole cell lysates. MDA-231 cells
(lane 1) were also included in western blotting as an ER-negative control. Graph represents a
densitometric analysis of a representative blot (shown in inset) of two separate experiments.

ER loss and MAPK hyperactivation result in an increase in AIB1 expression. The data thus
far seem to correspond with the second proposed model, which is that MAPK activity somehow
decreases AIB1 activity or expression, leading to ER downregulation. In this case, cells with
MAPK-induced downregulation would be expected to have decreased levels of AIB1 expression
or activity. However, both Raf 14c cells and MB3 cells show an increase in AIB1 expression
compared to MCF7 cells (Fig 3). Attempts to overexpress Araf in MCF7 cells in a transient
setting were unfruitful, as the transfection efficiency of MCF7 cells is too low to see any impact
of Araf transfection on AIB1 expression (data not shown). While it is unlikely that an increase in
AIB1 expression is correlated with a decrease in activity, it is at present a very difficult question
to address. Currently, the only method for the assessment of AIB1 activity is through the use of
reporter constructs containing hormone response elements. However, in this project, it is
necessary to assess AIB1 activity independent of any estrogen regulated events, and therefore
this analysis cannot be undertaken. Perhaps in the future, the activating phosphorylation sites on
AIB1 will be identified, and the development of phospho-specific antibodies will enable the
assessment of AIB1 activity independent of an effect on hormone responsive promoters.
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Figure 3. Loss of ER correlates with increased AIB1 expression. MCF7 (lane 1), Rafl4c
(lane 2), and MB3 (lane 3) cells were grown to approximately 80% confluence. Whole cell
lysates were prepared, and western blotting was performed on 30pg of each sample. Relative
amount of phospho-MAPK are indicated below the figure. This is a representative figure of two
experiments.

Like the experiments investigating the role of RSK and AP-1 in ER downregulation, these data
indicate that AIB1, as well, does not play a role in MAPK-induced downregulation of ER.
Separate pieces of data indicate a role for AIB1 in ER regulation; with AIB1 resulting in the
transcription of an ER repressor to downregulate ER (as evidenced by the upregulation of AIB1
in the ER-negative cell lines), or with AIB1 enhancing ER transcription, either directly or
through the transcription of a gene coding for a factor which enhances ER transcription (as
evidenced by the downregulation of ER protein with AIB1 depletion). However, the data as a
whole do not support either conclusion. The fact that AIB1 depletion results in a decrease in ER
protein (Fig. 2) is the most compelling data, implicating AIB1 in ER downregulation. However,
the summation of the data suggests that any ER downregulation is independent of the ER
repression reversed by the abrogation of MAPK signaling.



Key Research Accomplishments

e Determination that the abrogation of either ERK1 or ERK2 or both ERKs in combination
leads to the reversal of ER downregulation

e Determination that abrogation of AP-1 mediated transcription does not reverse ER
downregulation in ER-negative model cell lines

e Determination that a cytoplasmic substrate of MAPK other than pp90RSK is responsible
for the downregulation of ER

‘o Determination that AIB1 is not responsible for the MAPK-induced downregulation of ER

Reportable Outcomes

Abstracts
Murthy, S., Holloway, J.N., and El-Ashry D. 2004 A cytoplasmic substrate of mitogen activated
protein Kinase is responsible for estrogen receptor-alpha down-regulation in breast cancer cells:
the role of nuclear factor-kappaB. Mol Endocrinol 18:1396-1410
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Conclusions

Previous data indicated that hyperactivation of MAPK results in the downregulation of ER in
ER-positive breast cancer cells, and that this downregulation is reversible through the abrogation
of both ERK1 and ERK2, either through MEK inhibition with U0126, or through the use of
dominant negative constructs. We have now demonstrated that this ER downregulation is not a
result of a specific substrate of either ERK1 or ERK2, as abrogation of either ERK or a
combination of the two will result in the return of ER in ER-negative cells. As AP-1 family
members are key MAPK substrates, we examined the effect of AP-1 abrogation on ER-negative
cell lines to determine if clinical data correlating high AP-1 activity with ER-negativity had a
causative relationship. Our data indicate that high AP-1 activity does not result in the
downregulation of ER in our model cell lines, and this is the first data demonstrating that while
there is significant clinical data correlating ER-negativity with high AP-1 activity, this AP-1
activity is not responsible for the downregulation of ER and acquisition of hormone
independence. Experiments with the ERK2A19-25 construct revealed that the substrate of
MAPK responsible for the downregulation of ER resides in the cytoplasm. In addition, use of
the dominant negative RSK construct provided data indicating that RSK is not the responsible
cytoplasmic substrate. Unfortunately, like AP-1 and RSK, AIB1 is not the MAPK substrate
responsible for the MAPK-induced downregulation of ER. Determining the identity of the




MAPK substrate that is responsible for ER downregulation may enable ER-negative patients to
be treated with an inhibitor of that specific molecule, returning ER expression and tamoxifen
sensitivity, allowing them to be treated with hormonal therapy and forgo the side effects that
accompany cytotoxic chemotherapy.
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Appendices

“Murthy, S., Holloway, J.N., and El-Ashry D. 2004 A cytoplasmic substrate of mitogen
activated protein kinase is responsible for estrogen receptor-alpha down-regulation in breast
cancer cells: the role of nuclear factor-kappaB. Mol Endocrinol 18:1396-1410” is appended as
file “appendix1.pdf”
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A Cytoplasmic Substrate of Mitogen-Activated
Protein Kinase Is Responsible for Estrogen
Receptor-a Down-Regulation in Breast Cancer
Cells: The Role of Nuclear Factor-«xB

JAMIE N. HOLLOWAY, SHALINI MURTHY, ano DORRAYA EL-ASHRY

Lombardi Cancer Center (J.N.H.), Georgetown University, Washington, D.C. 20007; and University of
Michigan Comprehensive Cancer Center (S.M., D.E.-A.), Ann Arbor, Michigan 48109-0640

Estrogen receptor « (ERa) negative breast tumors
often present with enhanced expression and/or ac-
tivation of growth factor receptors, resulting in in-
creased growth factor signaling and hyperactiva-
tion of MAPK (ERK1 and ERK2). We have pre-
viously shown that ERa(+) MCF-7 cells with
elevated growth factor signaling lose expression of
ERa without any ligand-independent transcrip-
tional activation, and this is a reversible effect at-
tributable to ERK1/2 hyperactivation. Here, we
show that down-regulation of ER« is not mediated
by a specific ERK-1 vs. ERK-2 substrate. Despite
up-regulated activator protein-1 activity in re-
sponse to ERK1/2 activation, and in ERa(-) and
hormone-independent breast cancers, we find that

increased activator protein-1 activity is not respon-
sible for ERa down-regulation. Interestingly, our
findings implicate a cytoplasmic substrate of
ERK1/2. However, RSK1, the best-characterized
cytoplasmic ERK1/2 substrate, does not down-
regulate ER« in our models. On the other hand,
inhibition of nuclear factor-«B (which is linked to
chemoresistance in cancer in general and has el-
evated activity in hormone-independent and ERa—
breast cancer) significantly enhances ERa activity,
suggesting that indirect elevation in nuclear fac-
tor-xB activity (due to hyperactive ERK1/2) is at
least partially responsible for ERa down-regulation
in these cell line models. (Molecular Endocrinology
18: 1396-1410, 2004)

REAST CANCER CAN present as estrogen re-

ceptor a (ERq) positive (+) or negative (). The
presence or absence of ERa is a key prognostic fea-
ture of this disease: ERa+ tumors have a better prog-
nosis and respond to hormonal therapy (1), whereas
ERa— tumors have overall a worse prognosis and are
resistant to hormonal therapy (2, 3). ERa+ tumors can
progress over time and after antiestrogen therapy to
ERa— tumors. For example, in patients with ERa+
primary tumors who relapse after adjuvant tamoxifen
therapy, 50% of the recurrent tumors lack ERa ex-
pression. About a third of metastatic tumors that ini-
tially respond to tamoxifen subsequently develop re-
sistance and lose ERa expression over this period of
time (4, 5). Progression to an ERa~ phenotype typi-
cally involves the constitutive overexpression of
growth promoting genes that are normally regulated

Abbreviations: AP, Activator protein; CCS, charcoal-
stripped calf serum; CMV, cytomegalovirus; co-MCF-7, con-
trol transfected MCF-7; DMSO, dimethylsulfoxide; dnERK,
dominant-negative ERK; dnSK1, dominant-negative RSK1;
EGF, epidermal growth factor; EGFR, EGF receptor; ERa,
estrogen receptor-a; ERE, estrogen response element; HB-
EGF, heparin-binding EGF; IkB, inhibitor of «x-B; IKK, 1xB
kinase; IMEM, improved MEM; luc, luciferase; MMTV, mouse
mammary tumor virus; NF-«B, nuclear factor-«B.
Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

by estrogen, thereby leading to a loss of estrogen
dependence, resistance to antiestrogens, and a more
aggressive phenotype overall. It is also possible that
ERa— tumors develop de novo. Immunohistochemical
studies of normal breast tissue suggested that ap-
proximately 6-12% of the ductal epithelial cells are
ERa+ (6, 7), although some studies with more sensi-
tive antibodies indicate that the actual number is
higher (8). Interestingly, the proliferating ductal epithe-
lial cells in the normal breast do not express ERa (6,
8-11), suggesting that ERa— cells give rise to ERa-
tumors. Whether the ERa— phenotype is acquired or
de novo, the lack of ERa expression denotes a more
aggressive phenotype as well as resistance to anti-
estrogens, and as a result, precludes the use of
tamoxifen, relegating patients to more toxic chemo-
therapies (2, 3).

ERa~ tumors and cell lines often overexpress cer-
tain growth factor receptors such as the EGFR [epi-
dermal growth factor (EGF) receptor] and c-erbB-2.
EGFR and c-erbB-2 overexpression are also important
prognostic indicators in breast cancer, independent of
their inverse correlation with ERa expression (12-17).
This increased growth factor receptor expression
and/or activation correlates with increased MAPK ac-
tivity, both in tumors and in cell lines (12, 18-20). In
addition to overexpression and/or constitutive activa-
tion of growth factor receptors (with the resulting hy-
peractivation of MAPK), many hormone-independent
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and ERa~— tumors also have elevated activator protein
(AP)-1 activity (21, 22). Elevated activity of AP-1 and
related family members has also been implicated in
breast tumor progression in xenograft models: c-jun
overexpression in MCF-7 cells results in a hormone-
resistant, tumorigenic phenotype (23).

Another transcription factor that might be linked to
hormone-independent breast cancer, as well as ele-
vated growth factor signaling, is nuclear factor-«B
(NF-xB). NF-xB activity is elevated in hormone-inde-
pendent breast cancer (24), and is implicated in en-
hanced cell survival and chemoresistance in cancer
(25-27). NF-«B exists in the cytoplasm in the form of a
complex with 1B (inhibitor of k-B). Cytokines, chemo-
kines, and intracellular stress lead to the phosphory-
lation of IkB by IKK (IxkB kinase), releasing NF-«B,
which can then translocate into the nucleus and mod-
ulate the transcription of target genes (reviewed in Ref.
28). Although MAPK does not directly phosphorylate
IkB or activate IKK, there is evidence to show that
hyperactivation of MAPK leads to elevated NF-«B-
mediated transcriptional activity through induction of
an autocrine factor, most likely heparin-binding EGF
(HB-EGF) (29, 30). These data suggest that our model
cell lines (with elevated growth factor signaling path-
ways) might have elevated NF-«B activity and that this
might be involved in the interactions between up-reg-
ulated growth factor signaling and decreased ERa
expression.

We have previously used stable overexpression of
various growth factor signaling components in ERa+
MCF-7 breast cancer cells to study the interaction
between ERa signaling and growth factor receptor
signaling in breast cancer (31-34). Using cell lines that
overexpress constitutively active forms of Raf-1,
MEK1, or c-erbB-2 and ligand-activatable EGFR, we
have shown that the resultant hyperactivation of
MAPK (ERK1/2) activity through these signaling path-
ways leads to the down-regulation of ERa. We have
further shown that this down-regulation is not a con-
sequence of ligand-independent ERa activation, and
that it is reversible in vitro. Abrogation of ERK activity
using either pharmacologic inhibitors or dominant-
negative ERK (dnERK) constructs reverses the ERa
down-regulation and restores ERa activity (34). The
objective of this study is to further elucidate the mech-
anisms by which elevated ERK signaling leads to ER«
down-regulation. First, using dnERK1 and dnERK2,
we show that the ERK substrate(s) responsible for ERa
down-regulation is a common ERK1/ERK2 substrate
and not specific to either ERK isoform. Next, the po-
tential role of two key ERK substrates, AP-1 and
RSK1, in ERa down-regulation was analyzed. Overex-
pression and increased activation of AP-1, a transcrip-
tion factor, has been correlated with hormone inde-
pendence and the ERa-negative phenotype (21, 35).
RSK is a kinase responsible for the activation of vari-
ous transcription factors (including ERa) and is also
involved directly in chromatin remodeling (reviewed in
Ref. 36). Although our hyperactive MAPK cell lines

Mol Endocrinol, June 2004, 18(6):1396-1410 1397

have significantly increased AP-1 activity relative to
parental MCF-7 cells, inhibition of this AP-1 activity
using a dominant-negative jun does not reverse the
ERa down-regulation. Similarly, inhibition of increased
RSK activity using a dominant-negative RSK1
(dnRSK1) does not restore ERa expression. Instead,
dnRSK1 reduces ligand-induced ERa activation in our
control cells, further supporting the possibility that
phosphorylation of ERa by RSK enhances ERa trans-
activation (37). Interestingly, studies with an ERK2 de-
letion construct that selectively abrogates nuclear
ERK1/2 activities show that the ERK substrate respon-
sible for ERa down-regulation is located in the cyto-
plasm. Finally, we show that these cell lines have
elevated NF-«B activity compared with parental
MCF-7 cells, and this elevation in NF-«B activity is
attributable to enhanced growth factor signaling
through ERK1/2. Inhibiting this NF-«B activity either
pharmacologically, or through the expression of a con-
stitutively active 1xB [(ca)lxB], partially restores ERa
activity and expression in these cells. Our findings
suggest a role for cytoplasmic substrates of MAPK in
ERa down-regulation in breast cancer and further sup-
port a role for MAPK-induced NF-«B activity in this
down-regulation.

RESULTS

ERa Down-Regulation Due to Hyperactive MAPK
Is Not Specifically Attributable to ERK1 or 2

Previous work from our lab has shown that hyperac-
tivation of MAPK results in the down-regulation of ERa
protein and message and that this down-regulation is
reversible through the abrogation of MAPK (ERK 1/2)
signaling, either via pharmacologic inhibition or
through expression of dnERK1 and dnERK2 (34). Al-
though ERK1 and ERK2 share many substrates, they
have some isoform-specific substrates as well (38).
Therefore, our first step in the elucidation of a sub-
strate responsible for ERa down-regulation in breast
cancer cells was to determine whether the MAPK-
induced down-regulation was a specific effect of the
hyperactivation of either ERK1 or ERK2, or whether
signaling through either MAPK would down-regulate
ERa. Cell line models with drastically reduced ERa
expression (described previously in Ref. 34) were ob-
tained by the stable transfection and overexpression
of various signal transduction factors into ERa(+)
MCF-7 breast cancer cells. These signaling factors
were a constitutively active c-Raf-1 [yielding Raf14c
cells or (ca)Raf cells] (39), a constitutively active
MEK-1 construct (40) [yielding MEK15¢c or (caMEK
cells], a wild-type EGFR that can be activated by li-
gand [MCES5 or EGFR(+) cells] (32), or a wild-type
c-erbB-2 [a clone with constitutively high levels of
autophosphorylation and constitutive downstream
signaling, MB3 or erbB2(+) cells] (33). All of these cell
lines grow continuously in the absence of estrogen,
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have very high levels of MAPK activity (consistent with
the levels of MAPK activity found in ERa— breast
cancer cell lines) and express extremely low levels of
ERa when compared with control transfected MCF-7
cells (co-MCF7) (34). Each cell line expresses between
4 and 20 fmo! of ERa/mg protein, a significant reduc-
tion when compared with the control transfected cell
lines (Table 1), which exhibit about 120 fmol/mg pro-
tein when growing in the continuous presence of es-
trogen (co-MCF7) or about 400 fmol/mg protein when
growing in the continuous absence of estrogen (co-
MCF7/s). By selecting single clones of multiple cell
lines, all with hyperactive MAPK but generated in dif-
ferent ways, we have substantially reduced the possi-
bility that the reversible down-regulation of ERa seen
in these lines is a chance effect due to clonal variation.

To determine whether the ERK substrate responsi-
ble for ERa down-regulation is specific to ERK-1 or
ERK-2, cells were transiently cotransfected with either
an empty vector, dnERK1 (41), dnERK2 (42), or both, in
addition to a luciferase (luc) reporter construct (Fig. 1).
The estrogen response element (ERE)-luc construct
was derived as previously described by the removal of
the glucocorticoid response element from the mouse
mammary tumor virus (MMTV) promoter. It was re-
placed with two tandem EREs and then inserted up-
stream of the luciferase gene. The NON-luc reporter (a
critical contro! that corrects for any nonspecific acti-
vation due to the remaining elements of the MMTV
promoter) is identical with the ERE-luc, except that the
ERE sequences have been scrambled to produce a
nonsense sequence. We have previously shown, both

by ligand binding assays and by immunochistochemis-

try, that transfection of a combination of dnERKs 1 and
2 is sufficient to return ERa expression, and through
transient transfection assays with ERE-luc and
NON-luc that this reexpressed ERa is functional. Im-
portantly, we found that receptor expression, as mea-
sured by ligand binding assay or by immunohisto-
chemistry, correlated very well with receptor function
as measured by the transient transfection assays with
ERE-luc (34), confirming that receptor activity mirrors

Table 1. ERa Expression in MCF-7-Derived Cells with
Hyperactive MAPK

. ERa Expression
Cell Line (fmol/m: protein)
(ca)Raf 6-10
(caMEK 47
erbB2(+) 20
EGFR(+) +EGF 6-8
co-MCF7 120
co-MCF7/s 400

ERa expression in our model cell lines was measured by
ligand binding assay several times (minimum of three) over a
wide range of passage number as described in Materials and
Methods. The range of receptor levels from these multiple
measurements are expressed as femtomoles per milligram of
cellular protein.
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receptor expression. In addition to assessing ER ex-
pression by ligand binding assay, many studies were
performed using either immunohistochemistry or
Western blotting (34). Because all of these latter stud-
ies used ERa-specific antibodies, and ERa expression
measured in this way fully correlated with ER activity
by ERE-luc assay, it is presumed that we are looking at
ERa-specific effects. Furthermore, the dnERK con-
structs do not affect ERE-luc activity in the co-MCF7
cells, either in the absence or presence of estrogen
(Fig. 1A), again indicating that modulation of ERK ac-
tivity does not affect the level of activation of preex-
isting receptor. In all four cell line models with hyper-
active MAPK [(ca)Raf in Fig. 1B, (caMEK in 1C,
erbB2(+) in 1D, and ligand-activated EGFR(+) in 1E],
expression of either dnERK is sufficient to restore ERa
to levels comparable with the combination of dnERKs
1 and 2 that we previously described as able to return
ERa expression. Although any one dnERK alone was
perhaps a little less effective at restoring ERa function
compared with the combination of both dnERKSs, both
dnERK-1 and dnERK-2 restored ER« function to levels
that would be physiologically relevant. Parallel trans-
fection of the NON-luc does not reveal nonspecific
promoter activation, but rather that the ERa activity
measured is a direct result of estrogen-induced ER«
signaling. Because both dnERKs were sufficient to
return ERa to comparable levels, the ERK substrate
responsible for ERa down-regulation is unlikely to be
specific to either one.

Neither AP-1 nor RSK Are Responsible for ERa
Down-Regulation Due to Hyperactive MAPK

AP-1 plays a prominent role in the transcriptional ac-
tivation of many genes. Furthermore, AP-1 activity is
more frequently elevated in ERa— breast cancer (21,
35, 43, 44), and c-jun overexpression confers a hor-
mone-independent, ERa—, tumorigenic phenotype on
MCF-7 cells in animal models (23). In addition, the
expression of AP-1 family members such as fra-1,
fra-2, and some jun family members are specifically
induced by MAPK (45, 46). Thus, it would be expected
that AP-1 activity would be elevated in systems with
hyperactive MAPK. Therefore, to determine the role of
elevated AP-1 activity in ERa down-regulation in these
MCF-7 models with hyperactive MAPK, a dominant-
negative jun construct (TAM67) (47) was used to inhibit
AP-1 activity. AP-1 molecules consist of a dimer com-
posed of a jun family member and either another jun
family member or a fos family member. TAM67 acts as
a dominant negative by forming inactive homo- and
heterodimers with jun and fos family members in the
cell, thereby eliminating AP-1 mediated transcriptional
activity.

The first panel of Fig. 2 represents the transient
cotransfection of TAM67 or its parental vector,
pCDNA3, along with the AP-1-luc reporter in our
model cell lines, as well as in control transfected
MCF-7 cells (co-MCF7). All of these cell lines show
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Fig. 1. Down-Regulation of ERa Is Not Mediated Exclusively by Either ERK1 or ERK2

A-E, Co-MCF?7, (ca)Raf, (ca)MEK, erbB2(+), and EGF-treated EGFR(+) cells were transiently cotransfected W|th 1.25 ug total
dnERK constructs (either dnERK1 alone, or dnERK2 alone, or a 1:1 combination of both dnERKs) and 0.75-ug luciferase reporter
constructs and treated with contro! or estrogen containing media. Fold induction in ERE-luc activity after estrogen treatment is
used as a measure of ERa activity. The NON-luc construct is an identical plasmid, except that the EREs are scrambled to result
in a nonsense sequence. Experiments are representative of at least three individual experiments, each performed in triplicate.

Error bars represent SEM.

elevated AP-1 activity (relative to co-MCF7), which is
inhibited 50-75% by the TAM67 construct, reducing
the AP-1 activity in these hyperactive MAPK cells to
levels comparable to ERa+ co-MCF7 cells (Fig. 2A). If
AP-1 were playing a central role in the down-regula-
tion of ERa in these breast cancer cells, then the
expression of TAM67 (and therefore the specific ab-
rogation of AP-1 activity) in the low ERa model cells
should result in the restoration of ERa activity and
expression. However, transfection of TAM67 did not
restore ERa levels to any significant extent in any of
the cell lines (Fig. 2, B-E). In all of these cell lines,

expression of TAM67 did not result in estrogen induc-
tion that was significantly different from the vector
control, despite AP-1 activity being consistently re-
duced. Cotransfection of dnERKSs, on the other hand,
fully restored ERa function in all these cell lines. These
data indicate that elevated AP-1 activity does not play
a role, either directly or indirectly, in the down-regula-
tion of ERa that results from the hyperactivation of
MAPK.

RSK is a cytoplasmic substrate of MAPK that trans-
locates to the nucleus upon activation, activates sev-
eral transcription factors, and regulates chromatin
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Fig. 2. Down-Regulation of ERa Is Not Mediated by AP-1 Activity
A, Expression of TAMB7 inhibits AP-1 activity. Cells were transiently transfected with 1.25 ug TAM67 or vector control DNA
and 0.75 ug AP-1-luc reporter construct, and basal AP-1 activity was determined. Activity of CMV-luc transfected into the cells

- in the same experiment was used for normalization and calculation of relative AP-1 activity. The black bars represent basal

AP-1-luc activity, whereas the white bars represent AP-1-luc activity upon cotransfection of the TAM67 plasmid. The first bar
shows AP-1 activity in co-MCF7 cells. The next four pairs show AP-1 activity in (ca)Raf, (ca)MEK, erbB2(+), and EGF-treated
EGFR(+) cells respectively. B-E, {ca)Raf, (ca)MEK, erbB2(+), and EGF-treated EGFR(+) cells were transiently cotransfected with
1.25 ug TAMB67 (dnjun construct) and 0.75 ug ERE-luc or NON-luc reporter constructs and were treated with control or estrogen
containing media. Fold induction in ERE-luc activity after estrogen treatment is used as a measure of ER« activity. Experiments
are representative of at least three individual experiments, each performed in triplicate. Error bars represent SEm.

structure through the phosphorylation of histones.
Thus, increased activation of RSK1 could lead to in-
duction of a factor that represses ERa expression. On
the other hand, RSK1 has also been reported to phos-
phorylate ERa directly on serine 167, leading to ligand-
independent activation of ER«x (37). These data indi-
cate that RSK1 might play a role in enhancing ER«a
activity, either in a ligand-dependent or ligand-inde-
pendent fashion. In our model cell lines, RSK1 expres-
sion is unchanged in response to elevated MAPK ac-

tivity, but its activation correlates with MAPK activity,
and therefore is high in these model cell lines (Fig. 3A).

To determine the effects of elevated RSK1 activity
on ERa in these model cell lines, a dnRSK1 construct
was obtained (48). Because RSK1 had been reported
to activate ER«, the effects of dnRSK1 on ERa activity
in co-MCF7 cells was first examined. Indeed, cotrans-
fection of dnRSK1 into ERa+ co-MCF7 cells results in
reduced estrogen-induced transcriptional activation
(Fig. 3B), indicating the dnRSK1 has inhibitory activity
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Fig. 3. Down-Regulation of ER« Is Not Mediated by RSK1

A, RSK1 activity correlates with MAPK activity in breast cancer cells. Whole cell lysates were prepared from cells in normal
culture conditions grown to approximately 80% confluence. EGFR(+) cells were treated or not with 10 ng/ml EGF for 10 min.
Western blots were performed on 5 g of total protein for phospho-RSK1 and phospho-MAPK. A Western blot for RSK1 is shown
as a loading control. B-F, co-MCF?7, (ca)Raf, (ca)MEK, erbB2(+), and EGF-treated EGFR(+) cells were transiently cotransfected
with 1.25 ug dnRSK1 construct and 0.75 ug luciferase reporter constructs and were treated with control or estrogen containing
media. Fold induction in ERE-luc activity after estrogen treatment is used as a measure of ERa activity. Experiments are
representative of at least three individual experiments, each performed in triplicate. Error bars represent Sem.

against RSK1. If RSK1 hyperactivation were respon- These data collectively indicate that hyperactivation of
sible for the down-regulation of ERq, then expression RSK1 is not mediating the down-regulation of ERa
of dnRSK1 in the low ERa model cell lines would result induced by hyperactive MAPK.

in the restoration of ERa activity to significantly higher

levels (comparable to those seen with dnERKs). How- A Cytoplasmic Substrate of MAPK Is Responsible
ever, transient transfection of dnRSK1 into our model for ERa Down-Regulation

cells was not able to restore ERa to levels comparable

with dnERK transfection, indicating that RSK1 is not MEK acts as a cytoplasmic anchor for MAPK, but
responsible for the MAPK-induced down-regulation of upon MEK activation by Raf, MAPK is activated and
ER« (Fig. 3, C-F). In fact, in co-MCF-7 cells, the es- released into the cytoplasm, where it can activate
trogen-inducible ERa activity even decreases slightly. cytoplasmic substrates such as RSK1. In addition,
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active MAPK translocates to the nucleus and phos-
phorylates nuclear substrates such as elk (reviewed
in Ref. 49). A mutant ERK2 construct lacking the
region that associates with MEK (ERK2A19-25) (50)
was used to determine the role of cytoplasmic vs.
nuclear MAPK activity in ERa down-regulation. De-
letion of the MEK association region causes the
construct to be constitutively localized in the nu-
cleus, where it cannot be activated by MEK. As a

Holloway et al. ® MAPK Substrate Down-Regulates ER

result, this construct prevents any MAPK activity in
the nucleus by binding to (and therefore blocking
docking sites on) nuclear MAPK substrates. How-
ever, endogenous cellular MAPK can still be acti-
vated in the cytoplasm and can continue to activate
cytoplasmic substrates. Essentially, this construct
functions as a dominant negative in the nucleus
without affecting cytoplasmic MAPK signaling (50).
As would be expected, nuclear MAPK activity (mea-
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Fig. 4. Down-Regulation of ERc Is Mediated by a Cytoplasmic Substrate of MAPK

A, ERK2A19-25 represses activity of a nuclear MAPK substrate. Cells were transiently transfected with 0.625.g ERK2A19-25
or vector control DNA, 0.625 ng pFAelk, and 0.75 ug pFA-luc reporter construct, and basal Elk activity was determined. Activity
of CMV-luc transfected into the cells in the same experiment was used for normalization and calculation of relative Elk activity.
The black bars represent basal Elk activity, whereas the white bars represent Elk activity upon cotransfection of the ERK2A19-25
plasmid. The first bar shows Elk activity in co-MCF-7 cells; the next four pairs show Elk activity in in (ca)Raf, {ca)MEK, erbB2(+),
and EGF-treated EGFR(+) cells respectively. B-E, (ca)Raf, (ca)MEK, erbB2(+), and EGF-treated EGFR(+) cells were transiently
cotransfected with 1.25 ng ERK2A19-25 construct and 0.75 ug luciferase reporter constructs and were treated with contro! or
estrogen-containing media. Fold induction in ERE-luc activity after estrogen treatment is used as a measure of ERa activity.
Experiments are representative of at least three individual experiments, each done in triplicate. Error bars represent Sem.
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Fig. 5. Elevated NF-xB Activity Is Partially Responsible for ERe Down-Regulation

A, Expression of dnERKs inhibits NF-xB activity. Cells were transiently transfected with 1.25 ug dnERks, (ca) kB or vector
control DNA and 0.75 ug NF-«B luciferase reporter construct, and basal NF-«xB activity was determined. Activity of CMV-luc
transfected into the cells in the same experiment was used for normalization and calculation of relative NF-«B activity. The white
bars represent basal NF-«B-luc activity, the black bars represent NF-«B-luc activity in the presence of 2 um Parthenolide, the light
gray bars represent NF-«xB-luc activity in the presence of dnERKSs, and the dark gray bars represent NF-«B activity in the presence
of (ca)lxB. B-F, co-MCF7, (ca)Raf, (ca)MEK, erbB2(+), and EGF-treated EGFR(+) cells were transiently cotransfected with 1.25
1g vector DNA or (ca)l«B, and 0.75 pg ERE-luc or NON-luc reporter constructs and were treated with contro! or estrogen-
containing media. One set of plates was treated with 2 um Parthenolide (DMSO at 1:10,000 was used as vehicle control). Fold
induction in ERE-luc activity after estrogen treatment is used as a measure of ERa activity. Experiments are representative of at
least three individual experiments, each performed in triplicate. Error bars represent Sem.
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sured by Elk activation) is elevated relative to co-
MCF-7 in our model cell lines with hyperactive
MAPK (Fig. 4A). The ERK2A19-25 construct greatly
reduces this elevated elk activation to levels com-
parable to co-MCF-7, i.e. it greatly reduces nuclear
MAPK activity. If a nuclear substrate were respon-
sible for the down-regulation of ERa, then expres-
sion of the ERK2A19-25 construct in these ERa—
models would be expected to block the activation of
that substrate by MAPK, and thus lead to the res-
toration of ERa activity and expression. However,
expression of the ERK2A19-25 construct did not
lead to the restoration of ERa in any of the cell lines
(Fig. 4, B-E); in fact, it was unable to increase ER«
activity to above basal levels in all cases and was
not able to return ERa activity to the level obtained
with dnERK transfection. This indicates that a cyto-
plasmic substrate of MAPK is responsible for the
down-regulation of ERa in these breast cancer cell
lines.

The Role of NF-xB in ERa Down-Regulation by
Hyperactive MAPK

NF-kB activity is elevated in hormone-independent
and ER-negative breast tumors (24), and hyperactiva-
tion of MAPK leads to enhanced NF-xB activity
through induction of autocrine factors such as HB-
EGF (29, 30, 51, 52). We therefore asked whether
NF-«xB activity is elevated in MCF-7 breast cancer
cells with elevated MAPK activity. As shown in Fig. 5A,
NF-kB activity is about 5-fold higher than parental
MCF-7 in all of our mode! cell lines. This elevated
NF-«kB activity is attributable to hyperactivation of
MAPK because NF-«xB activity is returned to normal
levels (basal levels in co-MCF7 cells) by dnERKs 1 and
2 (Fig. 5A). The elevated NF-«B activity can also be
inhibited by Parthenolide [a specific pharmacological
inhibitor of NF-xB (53)] and through cotransfection of
(ca)l«B (which acts as a dominant negative for NF-«B,
obtained from Upstate Biologicals, Charlottesville,
VA). Both (ca)lxB and Parthenolide, at the usual dose
of 2 um, result in decreased NF-«B activity to levels
observed in co-MCF7 cells. Neither Parthenolide nor
kB alter MAPK activity (data not shown); nor does
inhibition of NF-«B activity alter ERE-luc activity in the
co-MCF7 cells (Fig. 5B). Interestingly, inhibition of el-
evated NF-«B activity in the hyperactive MAPK cell
lines with either Parthenolide or (ca)lxB is about 40—
50% as effective in restoring ERa activity as are the
dnERKs (Fig. 5, C-F). Increasing doses of Parthenolide
do result in further inhibition of NF-«B activity in the
hyperactive MAPK cell lines (Fig. 6A); however, this
further decrease in NF-«B activity does not result in
further increases in ERa activity (Fig. 6B), suggesting
that the 40-50% effectiveness in restoration of ERa is
the maximal effect. Collectively, these data demon-
strate that the indirect but specific elevation of NF-«xB
activity by hyperactive MAPK plays a role in ERa
down-regulation in our cell lines, but it is not the only
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Fig. 6. Elevated NF-«xB Activity Has a Threshold Effect on
ERa

A, Higher doses of Parthenolide inhibit NF-«xB activity to
levels below basal MCF-7. (ca)Raf cells were transfected with
the NF-«B-luc reporter and luciferase activity was measure in
the presence of increasing doses of Parthenolide (2-20 um).
NF-xB activity in co-MCF-7 cells was used for comparison.
B, Higher doses of Parthenolide have no further effect on
NF-xB activity in cells with hyperactive MAPK. (ca)Raf cells
were transiently cotransfected with 1.25ug vector DNA and
0.75 pg ERE-luc or NON-luc reporter constructs and were
treated with control or estrogen-containing media. Cells were
treated with the indicated doses of Parthenolide (DMSO at
1:10,000 was used as vehicle control). Fold induction in ERE-
luc activity after estrogen treatment is used as a measure of
ERa activity. Experiments are representative of at least three
individual experiments, each done in triplicate. Error bars
represent seM. Similar experiments with the (ca)MEK, erbB-
2(+), and EGFR(+) cells yielded similar results (data not
shown).

player. Overall, our data suggest that an additiona!
cytoplasmic MAPK substrate(s), along with NF-«B,
leads to ERa down-regulation in MCF-7 cells with
hyperactive MAPK.

DISCUSSION

The inverse correlation between ERa and EGFR or
c-erbB-2 overexpression/ hyperactivation in breast
cancer is well established (54-57). Because ERa—
tumors display a more aggressive phenotype, have
a poor prognosis, and do not respond to antiestro-
gen therapy, therapeutic targets enabling the resto-
ration of ERa expression may provide beneficial
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treatment strategies. Elucidation of the mechanisms
involved in the generation of the ERa— phenotype is
crucial for the development of such therapies. We
have previously demonstrated that hyperactivation
of MAPK induced by enhanced expression and/or
activation of EGFR or c-erbB-2 results in down-
regulation of ERa expression, suggesting that ele-
vated mitogenic signaling induced by overexpres-
sion/ hyperactivation of these growth factor
receptors is directly responsible for generating the
ERa— phenotype (34). importantly, abrogation of
the hyperactive MAPK restores ERa expression and
activity in our model cell lines. To identify the MAPK
substrate(s) responsible for down-regulation of ERa
expression, the specificity of this response to ERK1
vs. ERK2 was first examined. It has been reported
that although ERK1 and 2 share common sub-
strates, they also display some differential substrate
specificity (38). In our previous study, we used phar-
macologic inhibitors or dnERK1 and dnERK2 com-
bined to inhibit MAPK activity. To determine whether
the inhibition of either ERK alone would restore ER«a
expression/activity, experiments were performed
comparing the ability to restore ERa activity by
dnERK1 alone or dnERK2 alone relative to the com-
bination of dnERK1 and 2 (Fig. 1). In these experi-
ments, it did not appear that there was a differential
ERK substrate involved in down-regulating ERe.
However, it is possible that these constructs may
not be completely specific, i.e. that dnERK1 may
inhibit ERK2 to some extent, and vice versa. There-
fore, to completely rule out a differential ERK spec-
ificity, it would be necessary to knock out expres-
sion of each ERK separately using small inhibitory
RNA or antisense technology.

We next focused on the role of AP-1 in the MAPK-
induced down-regulation of ERa expression. Be-
cause ERKs induce the expression of various AP-1
family members (45, 58) and result in elevated AP-1
activity, all of our model cell lines displayed in-
creased AP-1 activity. And although AP-1 has been
identified as part of a complex that binds to an
enhancer element in the ERa promoter (59), up-
regulation of AP-1 activity is seen in ERa~ and
hormone-independent breast cancers (21, 35, 43,
60). In addition, stable overexpression of c-jun in
MCF-7 cells leads to the formation of hormone-
independent, ERa— tumors in nude mice (23). Col-
lectively, these data seem to implicate elevated
AP-1 activity in ERa down-regulation. However, the
data presented here (Fig. 2) represent the first
mechanistic study to investigate this correlation, an-
alyzing whether inhibition of elevated AP-1 activity
consequent to MAPK hyperactivation can restore
ERa expression/activity. Results from these exper-
iments show that inhibition of the elevated AP-1
activity in our cell line models is not enough to
restore ERa expression, suggesting that MAPK-in-
duced elevation in AP-1 activity does not, on its
own, result in the loss of ERa. This is in apparent
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contradiction to what might be expected based on
the report by Smith et al. (23) that overexpression of
c-jun leads to the loss of ERa activity and expres-
sion in MCF-7 cells. The authors in that report sug-
gest that this might occur either due to squelching of
common cofactors required for both ERa-mediated
and AP-1-mediated transcriptional activity (similar
to that described in Refs. 60 and 61) or maybe
through AP-1 activity negatively affecting ER« tran-
scription, although the one AP-1 element identified
so far on the ER promoter is a positive regulatory
element (59). Because AP-1 molecules can be com-
posed of both homo- and heterodimers, and differ-
ent dimers have differential affinities for the consen-
sus AP-1 sites, the exact composition of the AP-1
molecule(s) in each instance is likely to influence the
final outcome on target genes. It is therefore possi-
ble that elevated AP-1 activity due to hyperactive
MAPK in our MCF-7-derived cell lines may be due to
dimers that markedly differ from those that result
from c-jun overexpression, thereby accounting for
the very different results reported earlier (23). In
addition, AP-1 activity in our hyperactive MAPK cells
is three to four times higher than in co-MCF7. Be-
cause we don't know the degree to which AP-1
activity is enhanced by c-jun overexpression, it is
possible that a threshold level of AP-1 activity is
required to alter ERa expression and that this
threshold level might be higher than what is seen in
our cell lines. Our data here suggests that the neg-
ative effects of hyperactive MAPK on ERa transcrip-
tion are not attributable to MAPK-induced AP-1 but
might be due to some other ERK substrate(s), and
that inhibiting AP-1 activity is not enough to relieve
this effect of hyperactive MAPK.

Data obtained using the ERK2A19-25 construct
(Fig. 4) confirm the fact that AP-1 does not play a role
in MAPK-induced ERa down-regulation, as they indi-
cate that nuclear substrates of MAPK, such as the
AP-1 family members, are not responsible for ERa
down-regulation. In fact, these data point to a cyto-
plasmic substrate of MAPK as responsible for ERa
down-regulation in our model cell lines. Upon activa-
tion, this substrate may itself translocate to the nu-
cleus to affect ERa transcription, or it may activate
another molecule, either cytoplasmic or nuclear, which
results in the loss of ERa.

We have preliminary data indicating that the down-
regulation of ERa occurs via both transcriptional re-
pression and induction of protein degradation (our
unpublished data). Although these experiments clearly
show that the MAPK effect on ER« is not a direct one
in the nucleus, that is, interacting with the ERa pro-
moter to result in transcriptional repression, they do
not address what role, if any, MAPK may play in any
proteasomal degradation of ERa protein that may be
occurring. Several reports indicate that MAPK can
directly phosphorylate ERa on serine residue 118 (62,
63), and if the phosphorylation of this residue leads to
ubiquitination and degradation, then the abrogation of
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nuclear MAPK activity could also eliminate this
method of down-regulation. However, this effect can-
not be identified in a system with transcriptional re-
pression of ERa smaller posttranslational effects on
ERa levels would be masked unless the strong tran-
scriptional repression is relieved. Therefore, to eluci-
date any role of MAPK hyperactivation in ERa degra-
dation, it would be necessary to use tagged ERa
constructs under the control of a heterologous
promoter.

RSK1 is the best-characterized cytoplasmic sub-
strate of MAPK. However, it is not the cytoplasmic
effector that results in ERa down-regulation (Fig. 3).
RSK1 is a kinase that is responsible for the activa-
tion of many substrates; among them are multiple
transcription factors and several histones (reviewed
in Ref. 36). RSK1 was a good candidate as the
MAPK substrate responsible for the down-regula-
tion of ERa because we had previously established
that a major component of ERa down-regulation in
our model cells was transcriptional (our unpublished
data). The fact that RSK1 itself alters chromatin
structure through the phosphorylation of histones,
and that many of its substrates are also involved in
transcriptional regulation, led us to investigate it
initially. In addition, the data provided by the
ERK2A19-25 construct further encouraged us to
pursue RSK1 because it is a cytoplasmic substrate
of MAPK. Also of interest to us was the fact that
RSK1 has been reported to phosphorylate ERa di-
rectly, on serine reside 167 (37), although in this
case it resulted in ligand-independent activation of
ER. Although we show that the activation of RSK1
through MAPK does not lead to ligand-independent
activation of ERa, as the phosphorylation and re-
sults from (37) might suggest, it appears that RSK1
may play arole in the ligand-dependent activation of
ERa. Abrogation of signaling through RSK1 did not
restore estrogen-induced ER activity, and in fact, it
seemed to decrease the ability of estrogen to induce
ERa activity, at least in the control (MCF-7) cells.
This implicates the phosphorylation of ERax on S167
as potentially important in traditional estrogen-de-
pendent signaling. This result also confirms that the
dnRSK1 construct is functional and has an effect on
cell signaling. Therefore, a cytoplasmic substrate of
MAPK other than RSK1 must be responsible for the
down-regulation of ERa induced by hyperactivation
of MAPK in these breast cancer cells.

It has been known for some time that NF-«B ac-
tivity is elevated in hormone-independent and ERa—
breast cancers (24). However, the correlation be-
tween NF-«B activity and MAPK was less clear—it is
now evident that, whereas MAPK does not directly
activate NF-«B (either through 1B phosphorylation,
or through activation of IKK), hyperactive MAPK en-
hances NF-xB activity through induction of an au-
tocrine factor, likely HB-EGF (30, 51, 52). Thus, hy-
peractivation of MAPK can indirectly lead to
elevated NF-«B activity. We have shown here that
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our MCF-7-derived mode! cell lines all have high
basal levels of NF-«xB activity as a consequence of
ERK1/2 hyperactivation (Fig. 5). Interestingly, inhib-

iting this level of NF-«B activity (bringing it down to

levels normally seen in MCF-7 cells) partially re-
stores ERa activity in these cell lines, indicating that
loss of ERa is attributable to elevated NF-«B activ-
ity, along with (other) cytoplasmic substrate/s of
ERK1/2. It is important to note that, under our ex-
perimental conditions, ERE-luc activity mirrors ERa
expression [as we have shown earlier (34)], indicat-
ing that increase in ERa activity after NF-«xB inhibi-
tion is attributable to restoration of ERa expression.
This is further reinforced by the fact that NF-«B
inhibitors have no effect on ERE-luc activity in co-
MCF?7 cells. Therefore, the enhanced ERE-luc activ-
ity in our hyperactive MAPK cell lines after NF-«xB
inhibition is due to increased ERa expression, rather
than due to increased activation of preexisting re-
ceptor through modulation of coactivators and/or
corepressors. We also find that further reducing
NF-«B activity beyond the basal level inherent to
MCF-7s does not increase ERa activity any further
(Fig. 6), suggesting that down-regulation of ERa due
to deregulation of NF-«B activity is a threshold ef-
fect. The basal level of activity seen in MCF-7 cells
has no adverse effect on ERq; rather, it is the ele-
vation in NF-«B activity beyond this limiting level,
which contributes to down-regulating ERa expres-
sion. This threshold effect mimics that observed for
hyperactivation of MAPK; that is, we had previously
observed that neither the basal MAPK activity levels
in MCF-7 cells nor the modest elevation of MAPK
that occurs in estrogen-independent MCF-7 cells
(those long-term adapted for growth in the absence
of estrogen such as our co-MCF-7/s cells) has a
detrimental effect on ERa expression levels; only
hyperactivation to a very high leve! as seen in ERa~—
breast cancer cells resulted in down-regulation of
ERa expression (34).

This and future studies further elucidating the in-
teraction/s between hyperactive growth factor sig-
naling and ERa expression in breast cancer could
have substantial clinical impact in patients. Methyl-
ation of the ER« promoter is present at the time of
diagnosis of breast cancer in about 26% of ERa—
breast cancer cases (64), and in these tumors ab-
rogation of MAPK activity would not be expected to
return ERa expression (because demethylation of
the ERa promoter would have to occur first). How-
ever, in patients with ERa— tumors without any hy-
permethylation of the promoter, a therapeutic regi-
men that combines a signal transduction inhibitor/a
monoclonal antibody against a key signaling mole-
cule, along with an antiestrogen, could prove ben-
eficial. Iressa, which inhibits the kinase activity of
EGFR, and Herceptin, a monoclonal antibody raised
against c-erbB-2, can both be expected to reduce
MAPK activity, and would be good candidates for
such combination therapies. Although further stud-
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jes are essential to show that these inhibitors of
mitogenic signaling can restore ERa expression/
function in breast tumors, coupling signal transduc-
tion inhibitors or monoclonal antibodies with anties-
trogens could result in therapies that are better
tolerated than standard chemotherapy for the treat-
ment of ERa— breast cancer. In addition, once the
MAPK substrate/s responsible for ERa down-regu-
lation is identified, that could provide an additional
drug target. The implication of elevated NF-«xB ac-
tivity in development of the ERa— phenotype also
has clinical potential. High NF-«B activity is thought
to contribute to resistance to chemotherapy and to
radiation-induced apoptosis in cancers generally
(25-27), as well as to influence tumor growth and
metastasis through promoting cell survival and cell
cycle entry (27, 65). Interestingly, it has been re-
ported that cotreatment with NF-«xB inhibitors en-
hances the paclitaxel sensitivity of MDA-MB-231
breast cancer cells (which have very high basal
NF-kB activity) (66). Therefore, combinations of
NF-«B inhibitors with standard chemotherapy/radi-
ation might prove generally beneficial in breast and
other cancers. Added to this, our data (establishing
arole for NF-«B in the loss of ERa expression) make
NF-kB a very attractive candidate for combination
therapies in breast cancer.

MATERIALS AND METHODS

Cell Culture and Reagents

All cells with hyperactive MAPK were maintained in phenol
red-free improved MEM (IMEM) (Invitrogen Life Technolo-
gies, Carlsbad, CA) supplemented with 10% charcoal-
stripped calf serum (CCS). Contro! transfected MCF-7 cells
were maintained in IMEM supplemented with 10% fetal bo-
vine serum. All cell lines used in this study have been de-
scribed earlier (34); the (ca)MEK cells were generated by
transfection of MCF-7 cells as described before (34, 39) using
a constitutively active MEK construct [a generous gift from
Dr. Natalie Ahn (40)]. After transfection, cells were grown in
PRF-IMEM/10% CCS supplemented with 10 ug/ml gentami-
cin (Invitrogen Life Technologies). Hormone treatments after
transfections were performed by supplementing the genta-
micin containing CCS media with 17g-estradiol (Sigma, St.
Louis, MO), at a final concentration of 1072 wm; in the case of
EGF-treated EGFR(+) cells, the medium was also supple-
mented with 10 ng/ml EGF (Upstate Biologicals). Parthenol-
ide was obtained from Sigma, and stored as a 10,000 stock
in dimethylsulfoxide (DMSO) at —20 C. Lipofectamine and
PLUS reagent were obtained from Invitrogen. Cells were
seeded in 75-cm? T-flasks (Costar, Cambridge, MA) and
grown in a forced air humidified incubator at an atmosphere
of 5% CO, and 37 C.

Plasmids

Luciferase reporter plasmids (pGLB-mERE and pGLB-
mNON) were obtained by the insertion of an altered MMTV
promoter containing a tandem repeat of a consensus ERE or
a scrambled version of the same sequence instead of the
glucocorticoid response element into the Hindill site of
the pGLB basic plasmid (Promega Corp., Madison, WI) (67).
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The dnERK1 and dnERK2 constructs and parental vector
pCep4L were kindly provided by Dr. Melanie Cobb (University
of Texas Southwestern, Dallas, TX). The TAM67 construct
was a gift of Dr. Powel Brown (Baylor College of Medicine
Breast Center, Houston, TX). The ERK2A19-25 construct
was a gift of Dr. Michael Weber (University of Virginia, Char-
lottesville, VA), and Dr. John Blenis (Harvard Medical School,
Boston, MA) kindly provided the dnRSK1 and pRK?7 (parental
vector) constructs. pCep4lL (dnERK parental vector),
pCDNA3 (TAM67 and ERK2A19-25 parental vector), and
pRK7 (dnRSK1 parental vector) were used as empty vector
controls in transient transfections. The Stratagene PathDe-
tect kit was the source of the AP-1-luc, NF-xB-luc, pFAelk,
and pFRIuciferase plasmids. The constitutively active IkB
plasmid [(ca)lxB or IxB (S32A/S36A) in pUSE] was obtained
from Upstate Biologicals.

Transfections

Cells were plated at approximately 60-70% confluence in
Falcon six-well plates and allowed to attach overnight.
They were then transfected using the LipoPlus method.
Briefly, 100 ul serum-free IMEM per well was mixed with 4
w2l Plus reagent and 2 pg total plasmid DNA [0.75 ug of
each luciferase containing reporter plasmid, and 1.25 pg
total of the effector plasmid(s)]. This mixture was incubated
at room temperature for 15 min, combined with a mixture
containing 100 upl serum-free IMEM and 4 pul Lipo-
fectamine, and then incubated for an additional 15 min.
This mixture was then added to the cells, which were
incubated for 3 h at 5% CO, and 37 C. After transfection,
the cells were washed with PBS and incubated for 48 h in
appropriate treatment media. Control transfection with a
cytomegalovirus (CMV)-luc plasmid was performed in all
experiments as a measure of transfection efficiency. All
transfections in each experiment were performed in
triplicate.

Luciferase Assays

Cells were washed twice with PBS and lysed in 200 ! of
passive lysis buffer (Promega) with gentle agitation for 15 min
at room temperature. Ten to 25 ul of lysate (actual volumes
determined based on the amount needed to get CMV-luc
readings in the middle of the linear range of the instrument)
were used to measure luciferase activity using Promega’s
Luciferase Assay system. The luciferase values (relative light
units) were normalized for protein concentration. Values were
corrected by the subtraction of relative light units per micro-
gram of protein for the mock-transfected cells. Triplicates
were averaged, and fold activation by estrogen was plotted;
the error bars represent seM. Results shown are representa-
tive of at least three experiments with similar results, each
done in triplicate.

Ligand Binding Assays

Whole cell extracts were prepared from cells grown to
75-80% confluence as described before (34). Extracts
were diluted to a concentration of 2 mg/ml, and incubated
with 10 nM [3H]-17 g-estradiol in the presence and absence
of X100 unlabeled estradiol for 16 h at 4 C. Dextran-coated
charcoal was then used to adsorb free hormone and pel-
leted by centrifugation. Aliquots of the supernatant were
counted in 10 ml of liquid scintillation fluid using a Beck-
man Coulter Inc. (Fullerton, CA) liquid scintillation counter.
Receptor expression values were determined as described
in Ref. 68 and are expressed as femtomoles per milligram
of protein. Assays were performed a minimum of three
times on each cell line over time in culture.
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